[1] A two-layer soil moisture model was developed to infer the controls on the tree/grass coexistence in a savanna ecosystem. The model was applied along a mean annual precipitation gradient in southern Africa, known as the Kalahari Transect (KT), which follows a north-south decline in mean annual rainfall from $1600 mm/yr to $250 mm/yr between the latitudes 12°-26°S. Satellite-derived fractional covers for trees, grass, and bare soil were used as input to the model, with the fractional grass cover responsive to interannual variability in rainfall, as defined by observed statistics. Other inputs to the model included satellite-based radiation budget measurements and interpolated, groundbased rainfall measurements. The soil moisture model structure allows both trees and grass to have access to the upper zone, while trees alone can extract water from the lower zone. We focus our analysis on the wet season months of November-March, in which 87% of the annual rainfall is received along the KT. Simulations were performed on daily time steps for 16 years, representing a range of interannual rainfall variability, at 196 equally spaced positions along the transect. The results indicate that two distinct areas of the KT exist in terms of vegetation-rainfall relationships. North of 18°S, the trees and grass are rarely water stressed during the wet season and a large portion of the water balance is accounted for by leakage through the bottom of the root zone in sandy soils. The vegetation cover in the northern end of the transect does not reach its potential in terms of water exploitation and is most likely nutrient limited. In the southern portion of the KT, tree fractional cover is such that trees become water stressed in drier than average wet seasons and suffer no water stress during wetter than average wet seasons. The extent of the fractional grass cover for individual years is controlled by the water demand stress. We find that observed tree/grass fractional cover in the waterlimited region of the transect is best explained by considering, on an individual basis, an allowable range of stress for trees and grass, while minimizing the amount of water that is unexploited by the vegetation and lost as leakage from the root zone. 
Introduction
[2] A major challenge in predicting the magnitude and impact of future climate change rests with refining our understanding how the terrestrial environment dynamically interacts with climate. By defining the present-day controls on vegetation distribution, future ecosystem response to changes in land use or climatological forcings over a wide range of timescales may be inferred. In the approach presented here and applied to a savanna ecosystem in southern Africa, we combine information on variable interannual tree/grass composition along an aridity gradient, as captured by a time series of satellite observations, with a dynamic soil moisture model that accounts for the differing accessibility to water for trees and grasses based upon their respective root zone depths and distribution densities. We evaluate the hydrological status of the observed tree/grass assemblages in this region and, based on this analysis, develop a conceptual model of the deterministic controls on the system.
[3] Savanna ecosystems are shaped by a number of factors including grazing, fire, and nutrients [Jeltsch et al., 2000] . Water, however, is considered to be the primary driving force [Jeltsch et al., 1998; Rodríguez-Iturbe et al., 1999a; Smit and Rethman, 2000] in this biome, which is characterized by a mixture of trees and grass. Previous approaches that have sought to explain the relative proportions of vegetation cover in savanna systems have utilized water availability as the governing factor for defining the vegetation structure. For instance, Eagleson and Segarra [1985] , drawing upon earlier theoretical work [Eagleson, 1982] , used an average annual water balance approach to derive tree canopy density. Among the simplifying assumptions in their conceptual framework was that trees and grasses had mutually exclusive access to soil moisture reservoirs [Walter, 1971] . More recently, Rodríguez-Iturbe et al. [1999a , 1999b put forth an alternative approach that again used soil water as the sole determining factor for the tree/grass mixture in savanna systems. They contended that the niche separation provided by discrete vertical soil moisture zones is a misleading simplification and instead presented a model that is spatially explicit with respect to horizontal competition for water.
[4] The modeling approach presented in this paper adopts a theoretical stance that differential rooting densities with respect to depth for trees and grasses is the single most important competitive factor for defining savanna structural composition. While we agree that the mutually exclusive conceptualization is not physically realistic, as confirmed by field measurements [e.g., Scholes and Walker, 1993; Le Roux and Bariac, 1998 ], we maintain that, in general, grasses are primarily responsive to shallow subsurface soil moisture while trees can access a much broader range of subsurface depths. Since tree and grass roots are both present in the shallow subsurface, the soil moisture model developed in this paper accordingly allows both to have access to this soil reservoir. Trees alone, however, are conceptualized to have the ability to extract the deeper soil water.
[5] Analysis of a 16-year normalized difference vegetation index (NDVI) time series in conjunction with a concurrent rainfall record by Scanlon et al. [2002] resulted in a unique data set depicting fractional cover components for a savanna ecosystem over a regional climate gradient. One of the attractive features of this analysis is that it not only provided fractional tree cover along the gradient, but it also yielded estimates of grass fractional cover in response to interannual variability in precipitation. In contrast to the aforementioned approaches of Eagleson and Segarra [1985] and Rodríguez-Iturbe et al. [1999a , 1999b , we start with this known information as input and develop a model to infer the controls on the vegetation distribution while capturing the interannual variability that is a vital part of the natural system. With fractional grass cover responding to the year-to-year variability in rainfall, this approach deviates from traditional forms of equilibrium analysis as applied to a savanna tree/grass mixture.
[6] Our aim in this paper is not to develop a predictive model of savanna structure, but rather to use observed data to inversely model the controls on the vegetation. The complexity of savanna systems is immense [Scholes and Archer, 1997; Jeltsch et al., 2000] , especially at the local scale, and therefore our focus is centered on the broad hydrological aspect of the ''savanna question'' [Sarmiento, 1984] . Specifically, our research objectives in combining satellite observations with a soil moisture model are (1) to evaluate the water demand stress associated with the present fractional cover assemblages along the climate gradient, (2) to assess the limiting factors for the vegetation along the gradient, and (3) to identify, in areas where the vegetation is water-limited, the specific ecohydrological controls on the tree/grass coexistence.
Study Site
[7] The Kalahari Transect (KT) in southern Africa, one in the global set of International Geosphere-Biosphere Programme (IGBP) transects [Koch et al., 1995] , spans a north-south mean annual precipitation gradient from Angola and Zambia, through Botswana, and into South Africa. Figure 1 shows the mean wet season precipitation, r, along the transect based upon an interpolation of the 0.5°gridded precipitation data set by New et al. [1999] for the years 1983 -1998. Over this period, 87% of the total yearly rainfall for the KT arrived during the 5-month wet season of November -March. A deep, homogeneous aeolian sand formation underlies a large portion of the transect [Thomas and Shaw, 1993] , allowing the well-drained soil to be treated as relatively uniform in the modeling framework presented here.
[8] The savanna vegetation along the KT exhibits a general decline in fractional tree cover, x t , with a decline in r as shown in Figure 1 , based on the results of Scanlon et al. [2002] . A detailed description of the vegetation along the transect is given by Scholes et al. [2002] . For the sake of descriptive simplicity the term ''trees'' is used here to encompass all forms of woody vegetation including trees and shrubs, while ''grass'' refers to herbaceous vegetation, consisting of grasses and forbs. Also shown in Figure 1 is the fractional cover along the KT that is always bare soil, x b,only , and the remaining fraction of the surface that represents a potential grass area, x g/b . For this latter cover type, the annual extent of grass and bare soil within this area depends upon the amount of rainfall during a given wet season. Fractional covers for grass (x g ) and total bare soil (x b ) are thus variable. The fractional covers shown in Figure 1 are for the January -March (JFM) portion of the wet season, owing to the procedure put forth by Scanlon et al. [2002] that based the tree/grass separation on their differential responses to rainfall. In this region, NDVI is most highly correlated with rainfall in the concurrent plus two preceding months in this region [Grist et al., 1997] , thereby limiting the window of analysis to these last three months of the wet season.
Methods

Soil Moisture Model
[9] A low-dimensional dynamical soil moisture model was developed for the purpose of integration with the remotely sensed information. Two soil moisture zones were considered, the upper-most of which has a depth z 1 and follows the water balance equation:
where q 1 is the vertically averaged volumetric soil moisture in the upper zone, t is time, E b is bare soil evaporation, ET g is grass transpiration, ET t,l is fraction of tree transpiration removed from the upper zone, and L 1 is leakage from the upper zone to a lower zone. Infiltration, I o , is defined as the difference between the rainfall, P, and the intercepted water that is lost directly to evaporation from trees, E t , and grass, E g . No surface runoff is considered for these sandy soils. The direct evaporation values are calculated by:
where s t and s g are the interception stores for the trees and grass, respectively. We use the values given by Scholes and Walker [1993] for the Nylsvley savanna in South Africa: 2 mm for s t and 1 mm for s g . The infiltration rate for the sandy soils along the KT is considered to be sufficiently high, so infiltration excess ponding was not considered. For cases in which the infiltration amount I o exceeded the storage capacity in the upper zone, defined as z 1 (n À q 1 ) where n is the porosity, the excess amount was routed directly to the lower zone. A value of 0.40 is assigned to n [Clapp and Hornberger, 1979] .
[10] The water balance for the lower zone with depth from the surface z 2 is defined by:
where q 2 is the volumetric soil moisture in the lower zone, ET t,2 is the water removed from this zone by tree transpiration, and q loss is the leakage from the lower root zone.
[11] Leakage from the upper zone to the lower zone, L 1 , is approximated using a discretized form of Darcy's law for unsaturated flow:
where the unsaturated hydraulic conductivity, K(q) is estimated from the relationship:
Figure 1. Map of the Kalahari Transect (KT) showing mean wet season rainfall, r. To the right are the mean fractional cover components derived by Scanlon and Albertson [2003] for tree fractional cover, x t , potential grass fractional cover, x g/b , and an fraction that always remains bare soil, x b,only . [Campbell, 1974] . Saturated hydraulic conductivity, K sat , is estimated as 2000 mm/day from the range reported by Cosby et al. [1984] , q max is considered to be equivalent to n, and the empirical parameter b is assigned a value of 4.05 [Clapp and Hornberger, 1979] . Matric potential, y, is a function of q, b, and the ''saturation'' matric potential y s , which is taken as 121 mm from Clapp and Hornberger [1979] . A unit head gradient is assumed for leakage out of the bottom of the lower root zone, and therefore this value, q loss , is equivalent to K(q 2 ) and can be calculated by (5). Depths of 0.2 m and 1.5 m were assigned to the upper and lower root zones, respectively, based upon an approximate zonation of the grass and tree root density profiles.
[12] Tree and grass evapotranspiration, ET t and ET g respectively, are estimated based upon a compromise between water balance and energy balance considerations. Since the tree and grass interception stores are considered to be fully lost to evaporation, a finite amount of energy goes into this transformation of the water from liquid to vapor form. The remaining energy available is used for evapotranspiration, which is calculated based on a PriestleyTaylor formulation [Priestley and Taylor, 1972] :
The coefficient a p used in (6a) and (6b) is the PriestleyTaylor parameter, taken to be 1.26, and g is the psychrometric constant. The slope of the saturation water vapor pressure curve, Á, is a function of air temperature, T a , and R nt and R ng are the wet season net radiation values associated with the tree and grass cover components, respectively, in units of mm of water. The limiting factor, b, for tree and grass evapotranspiration is defined by the piecewise linear function:
where the parameters q* and q wilt represent the points at which soil moisture limits transpiration and where soil moisture causes transpiration to cease, respectively [Jacquemin and Noilhan, 1990; Avissar and Pielke, 1991; Albertson and Kiely, 2001] . In the absence of representative values for the entirety of the KT, we use those from Rodríguez-Iturbe et al. [1999a , 1999b , which are based on measurements from the Nylsvley savanna vegetation [Scholes and Walker, 1993] . Namely, these values are q* t = 0.12 and q t,wilt = 0.065 for trees and q* g = 0.17 and q g,wilt = 0.040 for grass. For grasses, q 1 influences b in (7), while for trees it is q tot , defined as the weighted mean of the soil moistures for the two depths:
The fractions of ET t that are removed in (1) and (3), ET t,1 and ET t,2 respectively, are similarly weighted according to the depths:
[13] Bare soil evaporation, E b , is implemented in the model according to:
where R nb is the net radiation for the bare soil fractional cover and G is the soil heat flux, both in units of mm of water. An average daily value of 0.32 mm for G was measured at field locations along the KT during the 2000 wet season [Scanlon and Albertson, 2003] , which is used for the current model input. This simplified formulation effectively treats E b as an interception process, which is limited by either rainfall depth or energy on days with rainfall and becomes zero on days without rainfall.
[14] Net radiation for each of the cover components, j, is calculated according to:
where w is albedo, T is the mean temperature of the surface cover, R sw# is the downward shortwave radiation, R lw# is the downward longwave radiation, e is the surface emissivity (0.98 is used for all cover types), and s is the StefanBoltzman constant. The selection of cover-specific values for w and T is described in the next section.
Model Input Data
[15] Mean wet season air temperature data, T a , like the rainfall data, were taken from the New et al. [1999] data set, which is a compilation of ground meteorological station measurements. Figure 2a shows the trend in T a by latitude along the KT. Surface radiation budget data for the KT wet season was derived from International Satellite Cloud Climatology Project (ISCCP) C1 products [Rossow and Schiffer, 1991; Darnell et al., 1996] , which are distributed by the Distribute Active Archive Center (ftp://daac.gsfc. nasa.gov/data/inter_disc/radiation_clouds/srb). The temporal coverage of the satellite-derived radiation data is monthly for the period 1983-1991 and the spatial resolution is 1°. The downward components of net radiation in (9), R sw# and R lw# , are shown in Figures 2b and 2c , respectively. Measured albedo along the transect is shown in Figure 2d .
[16] The albedos for the individual cover types were inferred by using the mean fractional covers determined by Scanlon et al. [2002] and optimizing the match between the measured and reconstructed albedos. Values of w t = 0.10, w g = 0.24, and w b = 0.28 produced the best fit with the observed trend shown in Figure 2d (R 2 = 0.97). A similar approach was undertaken for determining T j , the radiometric temperatures of the individual cover types used in (11). In this case it was not reasonable to assume that the temper-atures for the cover components were invariant along the transect. By making the estimation that T g = T t and by incorporating the observation from field measurements [Scanlon and Albertson, 2003 ] that the bare soil cover is, over a daily time period, an average of 1.12 times hotter than the vegetation (in°C), closure could be reached for estimates of the T t , T g , and T b along the KT by reproducing the observed outgoing long-wave radiation data.
[17] Grass and bare soil fractional cover, x g and x b , used in the soil moisture model are dynamic on an interannual basis as a consequence of variability in mean annual rainfall. As shown by Scanlon et al. [2002] , x g varies as a function of the normalized rainfall,r, approximated by:
where r is wet season rainfall for a given year and s r is the standard deviation in wet season rainfall. The extent of x b passively compensates for the annual extent of x g .
Model Implementation
[18] The dynamic soil moisture model is implemented numerically on daily time steps, which requires rainfall input at the same level of temporal detail. To achieve this, we generated stochastic daily rainfall at each latitudinal position along the transect for the 16-year suite of wet seasons based upon the cumulative wet season statistics. Specifically, this was accomplished by linearly scaling the daily rainfall probability, l, with the observed r and holding the probabilistic daily rainfall depth distribution constant along the transect. This latter assumption is supported by analysis of daily rainfall data for several stations along the KT ]. Therefore we use the daily rainfall depth distribution statistics measured at a single location, Mongu, Zambia from 1955-1991 and apply this with the scaled l values to the entirety of the transect. The mean and standard deviation statistics for the wet season rainfall totals along the KT are shown in Figure 3 for the original monthly based data as well as for the stochastically constructed daily data.
[19] Since the other input data (i.e., Ta, R sw# , and R lw# ) have much less of an impact on the soil moisture dynamics relative to rainfall, they are held constant at their wet season means throughout the modeled wet seasons. The soil moisture model itself is run over the timeframe of 16 wet seasons, during the November-March portion of the year when vegetation is actively transpiring and responsive to the rainfall that is incident upon the savanna system.
[20] For the model initial conditions, q 1 starts midway between q* g and q g,wilt and q 2 between q* t and q t,wilt . The ''early greening'' phenomenon observed in this region [Goward and Prince, 1995; Fuller and Prince, 1996] could indicate that there is sufficient soil moisture available for leaf emergence before the onset of the wet season rains. Another initial condition is that the grass cover, x g , starts at zero at the beginning of the wet season and reaches its peak, as determined byr, at the beginning of January. The analysis of the soil moisture model output is limited to the months JFM, following the two-month ''spin-up'' time, in order to limit the influence of the initial conditions.
[21] The soil moisture model is run for 16 wet seasons using the stochastically generated rainfall time series at each of the 196 positions along the KT climate gradient. This captures a wide range of rainfall variability at each of these latitudinal positions while also capturing the effect of vegetation fractional cover change along the gradient. The cumulative stress over the wet season for trees and grass, AEx t and AEx g , respectively, are evaluated by:
after Rodríguez-Iturbe et al. [1999b] , where N is the number of days during the JFM timeframe and q is a speciesspecific parameter. As by Rodríguez-Iturbe et al. [1999b] , q was universally set to 2 for this general case.
Results
[22] A single model run for a location along the transect is shown in Figure 4 . In this particular example, the daily rainfall is concentrated more toward the end of the wet season (Figure 4a) , allowing for the soil moisture to build up in both the upper and lower zones near the end of the simulation (Figure 4b ). Soil moisture in the upper zone, q 1 , stays below q* g for much of the simulated period, thereby limiting ET g . A limitation on ET t exists as well for a portion of the wet season, decreasing this flux below its maximum value of approximately 1.3 mm day À1 (Figure 4c ). Bare soil evaporation takes place on days having rainfall and is reduced to zero on days without rainfall, leading to its flashy appearance over the daily time steps. Fractional grass cover increases over the first two months of the simulation before reaching its peak state at day 61. This is reflected by the increase in ET g despite the fact that q 1 declines within the limiting range at times during the JFM portion of the simulation.
[23] An instructive check on the way in which the model simultaneously handles the water and energy budgets is to look at the Bowen ratio, B, the ratio of sensible to latent heat fluxes. From the model results, the mean B for the JFM portion of the wet season was calculated by: The measured values refer to direct eddy covariance measurements of sensible and latent heat fluxes that were made over the course of 1-9 days at four sites along the KT during a relatively wet year. The measured wet season data falls within the bounds of the scatter in B, which increases over the more arid portions of the transect. Between the latitudes 18°to 26°S, the partitioning of the net radiation from year to year is highly sensitive to the amount of rainfall received.
[24] Vegetation stress, as defined by (13a) and (13b), is displayed in Figures 6a -6d in relation to total wet season rainfall. In Figures 6a and 6b the points indicate whether or not the vegetation becomes stressed at all during the JFM period, for trees and grass, respectively. Earlier in the wet season, both the trees and grass are assured of being stressed as a result of the initial conditions, but during the JFM period, the vegetation stress is partly influenced by the buildup or decline in soil moisture over the previous two months. Throughout the region from 18°to 26°S, the trees are, in general, unstressed during the wet years and stressed during the dry years. For years with normal rainfall, there is an approximately equal likelihood that the trees will be stressed or unstressed during the JFM period (the ''unstressed'' points are plotted over the ''stressed'' points in Figure 6b ). Grass within this same region always becomes stressed at some point during this period. At the northern section of the KT, both trees and grass have a high likelihood of being unstressed throughout JFM. The magnitude of the stress is shown in Figures 6c and 6d for trees and grasses, respectively. The stress for trees increases abruptly when rainfall is below normal in the southern portion of the transect, but for grass there exists a more broad decline over the complete range of rainfall seen at each location. These general observations remain consistent throughout this southern region of the KT despite the fact that mean rainfall and fractional cover are variable over the range of latitudes between 18°to 26°S.
[25] The coarse discretization of the drainage submodel presented in (4) warrants a comparison between the drainage rates calculated by (4) and those that would be predicted by an alternative approach. Model simulations for all positions along the KT reveal the relative likelihood of possible combinations of q 1 and q 2 that are encountered for the prediction of the drainage (Figure 7a ). Drainage rates predicted by a force-restore model [after Noilhan and Planton, 1989] are shown in Figure 7b for the soil moisture combinations that are found within the upper 95th percentile of occurrence probability. The rates calculated by (4) are shown in Figure 7c , and exhibit an apparent consistency between the two methods.
[26] The average amount of water lost as leakage out of the bottom zone at depth z 2 , AEq loss , is shown in Figure 8a . The overbar represents temporal averaging over the 16 years. In this case, the sum over the entire wet season is shown for sake of comparison with the wet season rainfall amounts. At the southern portion of the transect, AEq loss is consistently small, averaging 23.1 mm over the course of the wet season. For individual years, AEq loss is nonlinearly related to wet season rainfall totals, since the very wet years contribute a nonproportional amount to this average. The leakage increases steadily north of about 18°S, and accounts for about 42% of the wet season rainfall at the wettest end of the transect. The latitudinal position at which AEq loss starts to dramatically rise roughly corresponds to the point at which the wet season rainfall is greater than the net radiation (Figure 8b) .
[27] Next, 22°S latitude was selected as a water-limited position at which 100-year simulations were performed for each of the possible fractional cover combinations within the subset [x t , x g , and x b ] 2 multiples of 0.1. For these long-term simulations, we found that using a Poisson distribution to generate the daily rainfall time series underestimated the variance in interannual wet season rainfall. We therefore adopted an alternative strategy of linearly scaling the standard deviation in daily rainfall probability, s l , with s r . The mean cumulative stresses were evaluated and are shown in Figures 9a and 9c for trees and grasses, respectively. As shown in Figure 9a , when x t increases, the stress on the trees increase as well. Grass fractional cover has a secondary control on the tree stress, with AEx t increasing in response to increased x g . Much like the case for trees, grass stress increases primarily as a function of its own cover fraction, but there is a secondary control from trees. An arbitrary threshold placed on AEx t eliminates the possibility of a stable savanna with certain mixtures of x t and x g (Figure 9b ). Likewise, an arbitrary threshold placed on AEx g further narrows the possible average tree/grass composition at this location. A cluster of possible fractional cover combinations exists (Figure 9d ), but most of these have high losses of water due to leakage (Figure 9e ). By placing another arbitrary limit on the amount of water that can be lost and therefore not exploited by the vegetation, the number of possible combinations converges to one (Figure 9f ). This value is very close to the satellite-derived fractional covers (x t = 0.18, x g = 0.11) at this latitude.
[28] The controls on the extent of interannual grass cover were explored at the same latitudinal position by varying x g while maintaining the observed x t . Two different suites of runs were performed, the first with 10 wet seasons of rainfall representing wetter than average years (r = +1) and the second with 10 wet seasons of rainfall representing dry years (r = À1). Figure 10 shows the results of these simulations in terms of the grass stress, AEx g . For the dry case, AEx g rises sharply at very low grass cover fractions, while for the wet case the grass cover fraction can get fairly high before significant levels of stress are reached. If the threshold AEx g < 5 is considered as in the previous example, the range of the satellite-derived grass cover for years with À1 r + 1 falls within the bounds of the two lines.
Discussion
[29] Two distinct areas of the KT exist in terms of vegetation-rainfall relationships. North of about 18°S, the trees and grass are rarely water stressed during the JFM portion of the wet season ( Figure 6 ) and a large portion of the yearly water balance is accounted for by leakage through the bottom of the root zone (Figure 8a ). South of this latitude, vegetation water stress is a ubiquitous part of the system and very little water is lost by deep drainage. Scholes et al. [2002] had classified these two areas in ecological terms as being nutrient-poor, broad-leafed savannas at the northern Figure 8 . Latitudinal means of (a) water lost as leakage out of the bottom root zone, AEq loss , and (b) the ratio of rainfall to total net radiation for the entire wet season. end of the KT and nutrient-rich, fine-leafed savannas in the south.
[30] A shift from nutrient limitation to water limitation may explain the differences seen in the vegetation water stress regimes at the northern end compared with the southern end of the rainfall gradient (Figure 6 ). Throughout the region south of 18°S, trees are situated such that they are on the margin between water stress in relatively dry years and no water stress in relatively wet years (Figure 6a and 6c), telling evidence that their fractional cover is controlled by the mean rainfall. If the tree fractional cover were higher at any position along this portion of the transect, the long-term water stress would be too high for optimal survival. If x t were lower, more water would be lost to drainage and therefore the trees would not make optimal use of this limiting resource. The broad range in water stress for grass in the southern region of the KT is a result that can be explained by the fact that x g changes based on the amount of rainfall received and grasses are adapted to the transient nature of the moisture status in the upper soil zone which can at times cause stress. At the northern end of the KT the trees and grass are seldom water stressed, pointing to nutrients as the primary limitation in this area. Given the minimal AEx t during even the dry years, this indicates that the tree fractional cover should tend toward a closed canopy in the absence of another limiting factor.
[31] While fire is often viewed as the foremost control on the nutrient cycling in African savanna systems, especially in terms of nitrogen [Parsons et al., 1996; Lacaux et al., 1996; Van de Vijver et al., 1999] , it may be instructive to look at the potential hydrological controls on nutrient transport. The dividing line between nutrient-rich and nutrient-poor savannas is co-located with the transition in AEq loss from near-zero to rapidly increasing at about 18°S latitude (Figure 8a ). At the southern end of the transect, the water cycle is fairly closed at the land surface with minimal water lost to leakage, a condition that also places closure on the hydrological transport of nutrients within the surfaceroot zone continuum. This is in contrast to the northern end of the transect, where AEq loss becomes large and the leaching of nutrients could potentially be a factor in the nutrient cycling [i.e., D'Odorico et al., 2003]. With the wet season Figure 9 . Cumulative tree stress (Figure 9a ), AEx t , cumulative grass stress (Figure 9c ), AEx g , and cumulative bottom leakage (Figure 9e ), AEq loss , as a function of the fractional tree and grass assemblages. Sequential thresholding is shown in Figures 9b, 9d , and 9f. rainfall greater than the net radiation along this portion of the KT (Figure 8b ), the loss of water from the root zone is a resulting consequence. The relatively high river density in the northern portion of the transect is an indicator that this water is routed to streams. This is in contrast to the lack of perennial rivers within the Botswana and South Africa portions of the transect. Here AEq loss is about 23.1 mm, which is higher than the 1 -5 mm yr À1 recharge rate to the groundwater calculated by De Vries et al. [2000] for the Kalahari. However, the water balance term AEq loss is not identical to recharge since many tree species in this region are known to be able to extract water below the depth of 1.5 m with their deep tap roots.
[32] The mutual impact of tree and grass fractional covers on their respective stresses for a position within the waterlimited region is shown in Figures 9a and 9c . This information can be instructive for evaluating the response of the vegetation to forcing variables. For example, the impact of grazing pressure may be viewed as a forced decline in x g , which leads to decreased AEx t in Figure 9a . The outcome of such a scenario would result in an increased tree fractional cover, a phenomenon which has been observed in savanna systems [Madany and West, 1983; Archer, 1989] on decadal timescales. For other positions along the transect, the derivative dAEx t /dx g at a given x t may be different and indicative of the sensitivity of the tree cover to grazing pressures.
[33] In evaluating the controls that form the observed dynamic tree/grass composition in the water-limited portion of the transect, we find that minimizing the global vegetation stress, as considered by Rodríguez-Iturbe et al. [1999a , 1999b , does not lead to reasonable solutions for this analysis. As can be inferred from Figures 9a and 9c , the global stress is minimal when bare soil dominates. The concept of trees and grass seeking an arrangement such that their global stress is minimized, or their combined productivity optimized, is difficult to understand at the individual plant level. In our approach, we define the water stress controls on the tree/grass coexistence by considering whether or not a given combination is hospitable, on a separate basis, to trees and grass. For example, if a certain combination of trees and grasses leads to a situation in which trees are relatively unstressed while grasses are stressed to a point deemed unfit for survival, then this overall combination is rejected. This concept is illustrated in Figures 9b and 9d . A third condition is imposed, accounting for the fact that in a water-limited environment this resource will be conserved (Figure 9f ). This leads to a general formulation for the optimal fractional covers of trees and grass, x t,opt and x g,opt , respectively as:
where a, b, and c are thresholds placed on the individual factors such that the conditions are viable for long-term survival and water exploitation (in the example shown in Figure 9 these thresholds were arbitrary). The factor AEq loss was chosen because it is representative of maximum water use by the vegetation and/or storage for use by the vegetation during the onset of the dry season.
[34] The dynamic quality of the grass cover on an interannual basis is an important factor in regard to the stability of the tree/grass coexistence. During dry years, the limited extent of the grass buffers the trees from water stress as infiltration to the deep soil layers is less impeded by the Figure 10 . Cumulative grass stress curves for a wet year (r = +1) and a dry year (r = À1) as a function of fractional grass cover. The satellite-derived range for x g defined by these two rainfall cases is represented by the bar. grass uptake. During wet years, x g increases and therefore plays a role in limiting AEq loss and increases AEx t , perhaps such that a higher, alternative state for x t is not reached over time. This demonstrates the need to take into account the interannual grass dynamics when seeking to define the quasi-stable savanna vegetation cover. The areal extent of the fluctuating grass cover for wet and dry years is shown to be related to a limitation by AEx g (Figure 10 ). However, because of the nonuniformity of the rainfall distribution throughout the wet season, a feature typically found in semi-arid environments, the actual grass growth dynamics are much more complicated than that described by a simple relationship with total wet season rainfall.
Conclusions
[35] Two distinct zones exist along the KT in terms of the primary controls on the tree/grass composition for this savanna system. In the more arid region of the transect, defined by the area that receives less than approximately 800 mm of wet season rainfall, water is the determining factor that controls the relative tree/grass densities. The tree fractional cover was found to be governed by the long-term mean rainfall, as supported by the fact that the water demand stress for trees only becomes significant during dryer than average wet seasons. The extent of the grass fractional cover for individual years was shown to be governed by the water demand stress of the grass. In the wetter region above the 800 mm rainfall threshold, it is apparent that another factor is dominant, most likely a nutrient limitation. A closed vegetation cover is possible here based upon water considerations alone, however this condition is never reached.
[36] Two distinct zones for the KT also exist in terms of water lost as drainage through the base of the root zone, with minimal losses observed in the water-limited section of the transect and more substantial losses in the section that is presumed to be nutrient-limited. What remains to be explored through future modeling and fieldwork is how the hydrological and nutrient cycles are connected in this setting, and in particular how the relative degree of water cycle closure at the land surface is related to the nutrient transport and transformation processes.
[37] Although not considered in previous attempts to model savanna systems, the variable nature of the grass cover on interannual timescales may have important implications for the stability of the vegetation composition. During dry years, the reduced grass fractional cover enables the trees to exploit a larger fraction of rainfall that is incident upon the system, thereby aiding their long-term survival. During wet years, the overall water use and productivity of the vegetation is maximized with the expansion of the grass area. The dynamic characteristic of the grass extent can be a potentially vital aspect in any conceptual understanding of savanna form and function.
[38] Long-term relative proportions of tree/grass fractional cover in the water-limited region of the transect are best explained by considering the individual stress thresholds for trees and grass, and limiting the amount of water, the limiting resource, that can be lost as leakage out of the root zone. These results suggest that the vegetation composition for the water-limited region can be modeled over interannual to multidecadal timescales largely as a function of the ecohydrological constraints imposed by the water cycle.
